Abstract Carbon monoxide (CO) is produced endogenously by heme oxygenase (HO) enzymes. HO-1 is highly expressed in many inflammatory disease states, where it is broadly protective. The protective effects of HO-1 expression can be largely mimicked by the exogenous application of CO and CO-releasing molecules (CORMs). Despite a dearth of pharmacological tools for their study, molecular methodologies have identified P2X4 receptors as a potential anti-nociceptive drug target. P2X4 receptors are up-regulated in animal models of inflammatory pain, and their knockdown reduces pain behaviours. In these same animal models, HO-1 expression is anti-nociceptive, and we therefore investigated whether P2X4 was a target for CO and tricarbonyldichlororuthenium (II) dimer (CORM-2). Using conventional whole-cell and perforated-patch recordings of heterologously expressed human P2X4 receptors, we demonstrate that CORM-2, but not CO gas, is an inhibitor of these channels. We also investigated the role of soluble guanylate cyclase and mitochondria-derived reactive oxygen species using pharmacological inhibitors but found that they were largely unable to affect the ability of CORM-2 to inhibit P2X4 currents. A control breakdown product of CORM-2 was also without effect on P2X4. These results suggest that P2X4 receptors are not a molecular target of endogenous CO production and are, therefore, unlikely to be mediating the anti-nociceptive effects of HO-1 expression in inflammatory pain models. However, these results show that CORM-2 is an effective antagonist at human P2X4 receptors and represents a useful pharmacological tool for the study of these receptors given the current dearth of antagonists.
Introduction
P2X receptors are trimeric ionotropic ion channels gated by the binding of extracellular ATP. There are seven mammalian P2X homologs (nomenclature follows [1] ) of which P2X4 is the most widely expressed. First cloned from rat brain [2, 3] , P2X4 subunits are expressed throughout the central nervous system, for example, in Purkinje cells [4] , hippocampus [2] and dorsal horn of the spinal cord [5] . P2X4 is also widely expressed in non-neuronal tissues and can be found in the kidney, liver, pancreas [6] , heart and lungs [7] oesteoclasts [8] , and immune cells such as B lymphocytes [9] and macrophages [10] . In a great deal of these tissues and cells, the role of P2X4 receptors is not well understood. There are several reasons for this, which include (a) their fast recycling to the plasma membrane, the physiological significance of which is not well understood; (b) when the membrane is disrupted, as during whole-cell recordings, membrane currents appear to run down due to an unknown mechanism [11] ; and (c) a lack of potent antagonists and other pharmacological tools for discriminating P2X4 receptors. Currently, ivermectin is the primary tool for positive discrimination of P2X4 receptors. Ivermectin is an allosteric modulator of P2X4 currents, potentiating the peak current and increasing the duration of currents evoked by brief ATP applications [12, 13] . There are no specific agonists, and broad-spectrum P2X antagonists are relatively insensitive at P2X4 receptors [3, 14] . Recently, antidepressant drugs such as paroxetine, fluoxetine, desipramine and amitriptyline, which are used to treat neuropathic pain, have been proposed to act as P2X4 antagonists [15] , though it now appears that they are not true antagonists and have no effect on currents mediated by P2X4 receptors [16, 17] . Rather, their mechanism of action is to modulate lysosomal function and, as a consequence, indirectly to affect the trafficking of P2X4 receptors to the cell surface [17] , thus reducing the P2X4 response in activated cells.
Despite the dearth of pharmacological agents able to discriminate between P2X4 and other family members, molecular techniques and animal models have shed some insight into the role of P2X4, leading to the hypothesis that P2X4 may be an attractive drug target for the treatment of neuropathic and inflammatory pain. Tsuda et al. [18] showed that P2X4 was up-regulated in spinal cord microglia following L5 nerve ligation injury, an established model of neuropathic pain. Similarly, Guo et al. [19] showed that P2X4 was up-regulated in spinal cord microglia following hind-paw formalin injection, an established model of inflammatory pain.
Carbon monoxide (CO) is endogenously produced during the hydrolysis of heme by heme oxygenase (HO) enzymes in an oxygen-dependent process (for review, see [20] ). Originally considered a by-product of heme breakdown, CO is increasingly recognised as an important signalling molecule in physiological and pathophysiological processes and has been shown to be responsible for many of the protective effects observed when HO-1 is upregulated following cellular stress [21] . Increased HO-1 expression induced by cobalt protoporphyrin [22] or epibatidine [23] intraperitoneal injection causes a reduction in nociceptive behaviours in the formalin injection inflammatory pain model. Injection of heme oxygenase inhibitors, or minimising HO-1 upregulation with a dominant negative Nrf2 transcription factor, negates the protective effect of HO-1 upregulation [22, 23] . There are many proposed cellular targets of CO including soluble guanylate cyclase (sGC) [24] and mitogen-activated protein kinases (for review, see [25] ). Recent experiments have also shown CO to play important roles in cardiovascular function [26] and O 2 sensing [27, 28] via an activation of large-conductance, calcium-activated potassium channel (BK Ca ). Other ion channels have also been shown to be modulated by CO such as L-type calcium channels (Ca v 1.2) [29] , TREK-1 [30] and ENaC channels [31] . Recently, we observed that short applications (10 s) of CO or a CO donor molecule were able to potentiate ATP-evoked currents at rat P2X2 receptors, whilst causing a small but significant decrease in P2X4 currents [32] . Here, we extend the study of this inhibition and show that the CO donor, CORM-2, but not CO gas, is a non-competitive inhibitor of P2X4 receptors, by a mechanism which is independent of the production of cGMP and cellular reactive oxygen species (ROS). That CORM-2 inhibits P2X4 receptors at all ATP concentrations means that this compound can be used to distinguish between P2X4 and P2X2, P2X2/3 and P2X3 receptors where CORM-2 either potentiates or has no effect [32] . ) was made up hourly from this stock in a pipette solution containing (in mM): 117 KCl, 10 HEPES and 10 EGTA to pH 7.3 with KOH. This solution was kept on ice in the dark and was vortexed immediately before back-filling a patch pipette which had been tip-filled with a solution containing no nystatin. A GΩ seal was generated as quickly as possible, the negative pressure was then released and the access resistance was continually monitored. Recordings only took place when access resistance was <50 MΩ.
Methods

Cell
CO gas solutions were generated by bubbling CO gas (99.5%) (BOC gases, Guilford, UK) through the bath solution under positive pressure for at least 2 h. This saturated solution (0.93 mM) was diluted 1:4, to obtain a 20% CO gas solution which was used within 2 h. CO applications were also made using a well-characterised CO donor molecule, tricarbonyldichlororuthenium (II) dimer [Ru(CO 3 )Cl 2 ] 2 , also known as CORM-2 [27, 32, 36] . Stock solutions of CORM-2 were made up in DMSO at 100 mM and stored at −20°C for up to 1 month. Working solutions were made up daily at the concentrations described in the text and figures, and RuCl 2 (DMSO) 4 +0.1% DMSO was used as the breakdown product control and was synthesised as described by Williams et al. [27] .
Data analysis
Data are shown as mean±standard error of the mean (s.e.m.). Electrophysiological traces were analysed with the pCLAMP 9.0 suite of software. Statistical comparisons of means were made with Student's paired t test. Concentration-response curves for ATP and for CORM-2 were each fitted with the Hill equation using an iterative fitting routine in Microcal Origin 6.0. In all cases, the figures show mean ± s.e.m., although concentration-response curves were fitted to the whole data set.
Results
CORM-2 inhibits human P2X4 receptors in perforatedpatch recordings
In agreement with previous studies, we observed stable, repeatable P2X4 currents evoked by ATP in the perforatedpatch configuration. Application of 30 μM CORM-2 caused a robust inhibition of ATP-evoked currents through P2X4 receptors. This inhibition was reversible upon washout of the CO donor (Fig. 1a, b) . Thus, 30 μM CORM-2 applied for 2.5 min was able to inhibit the currents evoked by 10 μM ATP to 45.3±3.4% of control (n=8) (Fig. 1a, b ) and was fully reversible within 2.5 min of donor washout to 95.6±12.6% of control (n=8) (Fig. 1a,  b) . The action of CORM-2 was concentration dependent (Fig. 1c) with an apparent mean IC 50 value of 36.6±8.7 μM and mean Hill coefficient of −1.3±0.3 (n=2-8). The ATP concentration-response (Fig. 1d) showed that the inhibition by CORM-2 was non-competitive with ATP since the maximal response was inhibited to 33.3±5.5% of control (n = 5). However, the mean EC 50 for ATP was not significantly altered by the presence of the CO donor (5.8±1.6 μM, control and 6.5±1.7 μM, + 30 μM CORM-2; n=5).
The action of CORM-2 and carbon monoxide gas on P2X4 receptors recorded in the conventional whole-cell configuration Toulme et al. [17] have recently shown that the antidepressants paroxetine, fluoxetine, desipramine and amitriptyline affect the surface trafficking of P2X4 receptors in activated microglia and have no acute effect on whole-cell P2X4 recordings, suggesting that they are not true antagonists of P2X4 receptors. These findings also suggest that the trafficking of P2X4 receptors is impaired in conventional whole-cell recordings at room temperature. Therefore, we decided to investigate whether the inhibition of P2X4 by CORM-2 was maintained in the whole-cell configuration where receptor trafficking is unlikely to occur and in the presence of amitriptyline which would impair receptor trafficking if it were occurring [17] . In whole-cell patch clamp, application of CORM-2 was still able to inhibit P2X4 currents in a reversible manner (Fig. 2a, b) , and maximal inhibition occurred more rapidly in this configuration than with perforated patches. Thus, at 1 min, 30 μM CORM-2 inhibited currents evoked by 10 μM ATP to 31.1±3.8% of first ATP application (n=23). Even after a 4-min application of 30 μM CORM-2, the inhibition was reversible to 81.5±18% of the first ATP application. In agreement with Sim and North [16] , we found that 10 μM amitriptyline had no effect on human P2X4-mediated currents in HEK cells (data not shown) and that 30 μM CORM-2 was still able to inhibit ATP-evoked currents in the presence of 10 μM amitriptyline to 30.9± 2.5% of currents evoked in amitriptyline alone (n=3, Fig. 3a) . Given that CORM-2 inhibition of P2X4 currents was maintained in whole-cell patch clamp, for ease of experimentation, further pharmacological investigations into the mechanism of action were performed in the conventional whole-cell configuration.
Incubation for up to 4 min with 20% CO gas had no significant effect on currents evoked by 10 μM ATP (at 1 min, currents were 95±7.9% of control, n=6; Figs. 2c and 3a) . The breakdown product of CORM-2 (RuCl 2 (DMSO) 4 ) was utilised as a control, and we found that a 2.5-min preincubation of this compound also did not inhibit currents evoked by 10 μM ATP, even at 300 μM (+0.1% DMSO) (115±7.7% of control, n=3; Figs. 2d and 3a) . These conflicting data leave open the possibilities that either (a) CORM-2 is a P2X4 antagonist which acts independently of its ability to release CO or (b) that the effect of CORM-2 is dependent upon CO release and that delivery of CO to the site of action using a 20% solution is insufficient to produce an effect. With such possibilities in mind, we investigated the potential involvement of known targets of CO.
The action of CORM-2 is independent of cGMP and soluble guanylate cyclase CO is a well-established activator of sGC [24] , activation of which leads to an increase in cGMP, which may regulate ion channel function at the membrane. The action of cGMP on P2X4 currents was studied using a membrane-permeable cGMP analogue, 8-Br-cGMP (100 μM), which was found to have no effect on P2X4 currents during a 4-min application (n=3) (Fig. 3b) . To investigate further the involvement of sGC, we co-applied the specific sGC inhibitor, ODQ [37] , with CORM-2. CORM-2 (30 μM) mediated inhibition of P2X4 currents was still observed during co-application with 10 μM ODQ (n=3) (Fig. 3b) ; taken together, these results suggest that sGC activation plays no role in the CORM-2-mediated inhibition of P2X4 receptors.
Role of cellular redox state
Previous studies have implicated the generation of ROS from mitochondria in the action of CORM-2 on L-type voltage-gated calcium channels [29] . CO inhibits complex IV, which would lead to an augmentation of superoxide anion generation from complex III. Increased ROS formation alters the redox state of cysteines within the L-type calcium channel and inhibits channel activity. Thus, we have investigated whether P2X4 receptors are sensitive to mitochondria-derived ROS. Potassium cyanide (KCN) was used to mimic the generation of cellular ROS, also via inhibition of complex IV. Pre-application of KCN alone (100 μM, up to 4 min) did not inhibit ATP-evoked currents (111±12% of control; n=8, Fig. 3c ), and CORM-2 co-application with 100 μM KCN was still able to inhibit the currents (n=6, Fig. 3c ).
The inclusion of the reducing agent, dithiolthreitol (DTT, 2 mM) in the patch pipette solution, also did not affect the ability of CORM-2 to inhibit P2X4 currents (n=3; Fig. 3c) . Similarly, the inhibition by CORM-2 was unaffected by the inclusion of 100 μM hydrogen peroxide (H 2 O 2 ) in the patch pipette (n=5; Fig. 3c ). Finally, pre-loading cells with the anti-oxidant N-acetylcysteine (NAC, 1 mM, 1 h) did not prevent CORM-2 inhibition of ATP-evoked currents (n=4; Fig. 3c ). These results strongly suggest that the effect of CORM-2 on P2X4 is not mediated by the generation of cellular ROS.
Role of mitochondrial signalling
The investigation into mitochondrial ROS was extended by using specific inhibitors of electron transport. Application of the complex I inhibitor, rotenone (2 μM, 4 min), was not able to mimic the inhibitory effect of CORM-2 (n=3), had no effect on currents evoked by ATP, and did not effect the ability of CORM-2 to inhibit these currents (Fig. 3d) . Preapplication of antimycin A (3 μM), which acts via the Q i site of complex III and is predicted to increase ROS within the cytosol [38] , had no effect on currents evoked by 10 μM ATP (90±10% of control; n=5). However, coapplication of 3 μM antimycin A and 30 μM CORM-2 caused a robust potentiation of currents evoked by 10 μM ATP (241±38% of control; n=8; P<0.01). Pre-application of stigmatellin (30 nM, 1 min), which acts via the Q o site, and is predicted to decrease cytosolic ROS generation [38] , had no effect on currents evoked by 10 μM ATP and was unable to inhibit the action of 30 μM CORM-2 on P2X4 currents (Fig. 3d) . Finally, employing P2X4-HEK cells which lacked mitochondria (ρ 0 cells), 30 μM CORM-2, was still able to inhibit P2X4 responses (45.5±7.9% of control; n=5; Fig. 3d ).
Discussion
This study shows that CORM-2, a well-established COreleasing molecule, is a potent, reversible and noncompetitive inhibitor of recombinant human P2X4 receptors. This inhibition was not mimicked by the application of a 20% CO gas solution and did not involve the generation of mitochondria-derived ROS or activation of soluble guanylate cyclase, two established mechanisms by which CO can exert cellular effects. The simplest explanation for these observations is that the effect of CORM-2 is not dependent on its ability to release CO. Whilst this explanation would suggest that there is no physiological role for CO regulation of P2X4 receptors, it would still identify CORM-2 as a useful pharmacological tool for the inhibition of P2X4 receptors. We have previously shown c Typical currents, shown on a faster time-base, of the lack of effect of a 20% saturated CO gas solution applied for 1 min on currents evoked by 10 μM ATP (2 s; black bar). On the left is control response and on the right is response during CO gas application (shaded box). d Typical currents, shown on a faster time-base, of the lack of effect of 300 μM RuCl 2 (DMSO) 4 , a control breakdown product of CORM-2, which is unable to donate CO, applied for 1 min on currents evoked by 10 μM ATP (2 s; black bar). On the left is control response and on the right is response during 300 μM RuCl 2 (DMSO) 4 application that CORM-2 is able to potentiate ATP-evoked responses at P2X2 receptors at low agonist concentrations, and although a small inhibition was observed at high ATP concentrations, this was not as powerful as the inhibition observed here at P2X4 receptors [32] . We have also previously observed that CORM-2 was without effect at P2X3 and P2X2/3 receptors [32] , though it is currently untested at other P2X receptors.
Although the CO-releasing properties of CORM-2 would likely lead to many off-target effects when used as a P2X4 receptor antagonist, this molecule might represent a useful lead compound in the future generation of specific P2X4 receptor antagonists.
There is a clinical and research need for potent P2X4 antagonists, given their highlighted role in neuropathic and inflammatory pain animal models. However, there is a current dearth of such molecules. P2X4 receptors are relatively insensitive to broad-spectrum P2X antagonists, suramin and PPADS [3, 14] , and although a specific P2X4 antagonist has been reported [39] , data regarding its effectiveness and specificity have not yet been published. Tri-cyclic antidepressant drugs such as paroxetine, fluoxetine, desipramine and amitriptyline have been prescribed for many years for the treatment of neuropathic pain [40] and were recently shown to inhibit P2X4 receptor function [15] , a mechanism which may contribute to their analgesic properties. However, recent studies by Toulme et al. [17] have shown that, with the exception of paroxetine which has some direct effects on P2X4 currents, these drugs act by disrupting lysosomal function and the trafficking of P2X4 receptors to the plasma membrane and are, therefore, not true P2X4 antagonists. Despite this, these drugs remain useful pharmacological tools and serve to highlight the importance of P2X4 receptors as a drug target for the treatment of neuropathic pain, and the clinical and research need for P2X4 antagonists. Here, we utilised amitriptyline and conventional whole-cell recordings to show that the action of CORM-2 is unlikely to be mediated by altered trafficking of P2X4 receptors, given that CORM-2 can still inhibit ATP-evoked currents in whole-cell recordings (Fig. 2) and in the presence of 10 μM amitriptyline (Fig. 3a) .
The observation that CORM-2 can exert effects on ion channels independently of its ability to release CO is not without precedent [41] . That study showed that CORM-2 was able to activate a non-selective cation current in human endothelial cells, whilst CO gas and tricarbonylchloro (glycinato)ruthenium (II) (CORM-3), a water-soluble CO Fig. 3 Effect of various pharmacological interventions on P2X4 responses and on the inhibition mediated by CORM-2. Data in this figure were acquired in the conventional whole-cell patch-clamp configuration. In all cases, protocols were as those shown in Fig. 1a , with three control 10 μM ATP applications followed by 1-min preincubation of drugs before a fourth ATP application. In each case, mean responses shown were obtained by expressing the fourth response in the presence of drug as a percentage of the third control response. In all cases, data shown represent mean (±s.e.m.). a Effect on P2X4 currents of applications of the following: 30 μM CORM-2 (n=24), 10 μM amitriptyline+30 μM CORM-2 (n=3), 20% CO gas (n=6), and 300 μM product control (n=3). b Effect on P2X4 currents of 100 μM 8-Br-cGMP (n=3) and 10 μM ODQ+30 μM CORM-2 (n =3). c Effect on P2X4 currents of 100 μM KCN (n=8) and 100 μM KCN+30 μM CORM-2 (n=6). Also shown are the effects of 30 μM CORM-2 following the inclusion of 2 mM DTT (n=3) or 100 μM donor, were unable to mimic CO. These authors concluded that CORM-2 exerted its effects independently of CO release. It is possible that the target for CORM-2 binding in both human endothelium and P2X4-HEK cells is a common protein which interacts with both P2X4 and the unidentified cation channel, or it may that this exogenous compound is able to exert effects at two different ion channels. However, we propose a third possible explanation for why CO cannot mimic the effect of CORM-2, namely that CO and CORM-2 have different diffusion properties across the plasma membrane. Since CORM-2 is highly lipophilic, it will diffuse rapidly across the membrane and might be expected to deliver CO to intracellular motifs of membrane proteins at much higher concentrations than can be achieved with membrane diffusion of CO gas. Of course, there is also the possibility that CO, like CO 2 [42] and O 2 [43] , requires a specific permeation pathway, which is absent in these cells. Such an idea is supported by recent experiments in Escherichia coli, which show that CORM-3, the water-soluble CO donor molecule, is taken up and exerts CO-specific growth inhibitory effects, whilst the addition of dissolved CO into the growth medium is without effect [44] . Acknowledging the possibility that the observed inhibition of P2X4 receptors by CORM-2 was dependent on intracellular CO release, we investigated the involvement of known CO-modulating pathways. The immediate cellular targets for CO are not particularly well established, although the chemistry of CO suggests it is suited to the binding of heme proteins. One such protein, sGC, has been shown to be activated by CO [24] and would produce rapid rises in intracellular cGMP that may cause changes to ion channel function. We have ruled out the involvement of this pathway in P2X4 inhibition since a cell-permeable analogue of cGMP was unable to mimic the inhibition of P2X4, and ODQ, an inhibitor of sGC, was unable to block the inhibition of P2X4 by CORM-2 (Fig. 3b) .
CO and CO donor molecules have also been proposed to inhibit electron transport and subsequently cause the generation of cellular ROS. This is the proposed mechanism by which CO and CORM-2 exert an inhibitory effect on L-type calcium channels [29] . Incubation of cells with 100 μM KCN, which would also inhibit complex IV, did not mimic the inhibitory effect of CORM-2, and we found that the inclusion of reducing (DTT) or oxidising (H 2 O 2 ) agents in the patch pipette had no effect on the ability of CORM-2 to inhibit P2X4 currents (Fig. 3c) . Similarly, preloading the cells with an anti-oxidant (NAC) also did not inhibit the effect of CORM-2. We also investigated the effects of other mitochondrial transport inhibitors (Fig. 3d) and found that complex I inhibition was without effect on P2X4 currents or their modulation by CORM-2. Similarly, inhibition of the complex III Q o site, which would be expected to decrease cytosolic ROS [38] and has been shown to block the CORM-2 inhibition of L-type calcium channels [29] , had no effect on P2X4 currents or their inhibition by CORM-2. Results obtained with the complex III inhibitor, antimycin A, were intriguing. Antimycin A acts at the Q i site and would be expected to increase cytosolic ROS [38] . Applied alone, antimycin A had no effect on P2X4 currents, but when co-applied with CORM-2, it caused a potentiation of ATP-evoked currents. Although we have no experimental clues as to the mechanism of this augmentation, the fact that CORM-2 is not inhibitory reinforces the idea that the action of CORM-2 is not dependent on mitochondrial ROS production, a notion fully supported by our data employing ρ 0 cells (Fig. 3d) . Together, these results suggest that there is no role for cellular ROS production in the mechanism by which CORM-2 inhibits P2X4 receptors.
Although the modus operandi remains elusive, we have demonstrated that CORM-2 is a robust, non-competitive inhibitor of P2X4 receptors. Since it either potentiates or has no effect on P2X2, P2X2/3 and P2X3 receptors, CORM-2 is a unique pharmacological tool for distinguishing between these receptors in physiology and disease.
